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Abstract 

The  usefulness  of  poly(dimethyl  siloxane-co-ethylene  oxide)  (P(DMS-co-EO))  copolymer  as  an  ion  conducting  matrix  was  investigated. 
The  electrochemical  properties  were  studied  by  electrochemical  impedance  spectroscopy  and  cyclic  voltammetry.  The  glass  transition 
temperature  (Tg)  and  degree  of  crystallization  as  a  function  of  salt  concentration  were  examined  by  differential  scanning  calorimetry.  Ionic 
conductivities  as  high  as  2.6  x  10~4  S  cm~'  were  determined  at  25  °C  for  copolymers  films  with  5  wt.%  LiC104.  These  same  films  had  an 
electrochemical  stability  window  of  5  V.  The  pseudo-activation  energy  as  a  function  of  salt  concentration  was  obtained  using  the  Vogel- 
Tamman-Fulcher  (VTF)  equation.  ©  2002  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Solid  polymer  electrolytes  (SPEs)  have  been  proposed  as 
a  substitute  for  the  liquid  electrolyte  in  electrochemical 
devices  and  one  widely  used  in  lithium  batteries.  Current 
research  for  a  suitable  SPE  is  aimed  mainly  at  the  devel¬ 
opment  of  high  energy-density  rechargeable  batteries  which 
can  be  used  in  cellular  phones,  notebook  computers,  elec- 
trochromic  displays  and  electric  vehicles. 

The  SPE  is  formed  by  the  incorporation  of  lithium  salt 
into  polymer  matrices.  These  materials  show  a  lower  ionic 
conductivity  than  liquid  electrolytes,  but  are  less  reactive 
with  lithium  and,  thus,  increasing  the  safety  of  the  batteries. 
The  SPE  can  be  used  as  the  electrolyte,  as  a  separator  or 
both.  The  ability  of  SPE  to  form  thin  flexible,  transparent 
films  increasing  the  design  possibilities  for  thin  batteries. 

The  initial  work  with  SPE  was  done  using  a  linear 
polylethylene  oxide)  (PEO)  with  lithium  salts  (LiCICL 
and  LiN(CF3S02)2)  dissolved  in  the  polymeric  matrix  [1], 
PEO  is  a  polycrystalline  material  with  good  mechanical 
properties  but  a  low  ionic  conductivity  (10_8Scm_1)  at 
room  temperature  [2], 

Amorphous  PEO  salt  complexes  show  superior  ionic  con¬ 
ductivity  when  compared  to  crystalline  PEO  salt  complexes, 
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probably  because  of  the  segmental  motion  of  the  polymeric 
chain  during  ion  transport.  The  glass  transition  temperature 
(Tg)  of  amorphous  PEO  is  lower  than  that  of  crystalline  PEO 
and  consequently,  its  ionic  conductivity  is  higher.  The 
presence  of  the  crystalline  phase  reduces  the  ionic  conduc¬ 
tivity  at  room  temperature  [1,2]. 

Several  studies  have  investigated  the  possibility  of 
decreasing  of  polymer  crystallinity  and  this  has  lead  to 
formation  of  new  polymer  electrolyte  classes.  Such  combi¬ 
nations  include: 

1.  Blends — in  devices  where  high  pressure  is  applied, 
amorphous  polymer  electrolytes  are  not  always  suitable 
because  they  are  generally  susceptible  to  creep,  even  at 
low  pressure.  Therefore,  for  electrochemical  applica¬ 
tions  where  mechanical  stability  is  also  important, 
copolymers  of  PEO  [3-5]  and  PEO  blended  with 
macromolecules  or  inorganic  supports  are  used  as 
SPE.  Both  the  PEO  copolymer  and  blend  and  copolymer 
of  PEO  inhibits  the  crystallinity  of  PEO  [5,6]. 

2.  Hybrids — recent  reports  [7-9]  have  described  inorganic 
network  growth  in  solutions  containing  organic  polymers, 
such  as  poly(vinyl  alcohol),  poly(acrylic  acid),  poly- 
(methyl  methacrylate),  poly! vinyl  pyrrolidone),  poly- 
(ethylene  oxide)  and  NAFION®. 

3.  Gels  represent  a  type  of  polymer  electrolyte  in  which  the 
liquid  electrolyte  is  immobilized  by  incorporation  into 
a  polymer  matrix.  In  such  systems,  ionic  conductivity 
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occurs  as  much  in  the  polymeric  phase  as  in  the  solution 
phase.  Cross-linking,  gelification  or  casting  can  produce 
liquid  immobilization.  Cross-linking  is  usually  carried 
done  with  ultraviolet  or  gamma  ray  irradiation.  An  ionic 
conductivity  as  high  as  10  3  S  cm-1  at  20  °C  has  been 
obtained  [10-14], 

4.  Plasticized  polymer  electrolyte — through  the  addition  of 
a  liquid  plasticizer  such  as  propylene  carbonate,  an 
improvement  in  the  ionic  conductivity  of  about 
10  'Scm'1  has  been  observed.  However,  to  obtain 
this  result,  a  high  amount  of  plasticizer  was  necessary 
and  this  adversely  affected  the  mechanical  stability  of 
the  PEO  [15-17], 

Properties  such  as  a  high  ionic  conductivity,  a  low  Tg,  a 
large  number  of  charge  carriers  and  a  wide  electrochemical 
stability  window  are  necessary  for  the  good  operation  of  an 
electrochemical  device. 

In  this  work,  we  report  an  investigation  of  the  poly- 
(dimethyl  siloxane-co-ethylene  oxide)  (P(DMS-co-EO)) 
system,  in  the  presence  of  several  concentrations  of  LiC104 
salt.  The  ionic  conductivity  as  a  function  of  salt  concentra¬ 
tion,  activation  energy,  electrochemical  stability  window, 
absorption  spectra  and  thermal  properties  of  this  system 
were  analyzed. 

2.  Experimental 

The  P(DMS-co-EO)  was  synthesized  by  a  polycondensa¬ 
tion  reaction  of  dimethyldichlorosilane  with  monoethylene 
glycol  [3].  The  P(DMS-co-EO)/LiC104  complexes  were 
prepared  by  mixing  the  polymer  and  salt  in  tetrahydrofuran 
(THF).  The  solution  was  dried  in  vacuum  for  48  h.  The  final 
salt  concentrations  were  2.5,  5.0,  10.0,  15.0  and  20.0  wt.% 
of  LiC104,  respectively. 

Thermal  analysis  was  done  using  a  differential  scanning 
calorimeter  (NETZSCH  DSC  204)  under  a  nitrogen  atmo¬ 
sphere,  at  a  heating  rate  of  10  °C  min'1.  The  temperature 
routine  involved  was  the  following: 

1.  Heating  from  room  temperature  to  150  °C  to  eliminate 
the  thermal  history  of  the  sample. 

2.  Cooling  from  150  to  —100  °C. 

3.  Second  heating  to  200  °C. 

All  DSC  experiments  were  done  in  duplicate  and  the 
thermograms  shown  in  the  next  section  refer  to  the  second 
heating. 

The  ionic  conductivity  was  measured  by  electrochemical 
spectroscopy  impedance  using  an  AUTOLAB-PGSTAT30 
FRA.  An  ac  amplitude  of  10  mV  was  applied  and  the  data 
were  collected  in  the  frequency  range  1-105  Hz.  To  obtain 
the  ionic  conductivity  as  a  function  of  temperature,  the 
experiments  were  done  using  a  thermally  stabilized  electro¬ 
chemical  cell.  The  temperature  range  analyzed  was  from 
—30  to  80  °C,  at  a  heating  rate  of  3.0  °C  min'1.  The  samples 


were  sandwiched  between  two  polished  stainless  steel  (SS) 
disks  (area  of  1.0  cm2)  which  acted  as  ion-blocking  elec¬ 
trode.  A  Teflon  spacer  0.05  mm  thick  was  used  to  prevent 
short-circuits  and  to  maintain  a  fixed  thickness  in  the 
samples  during  measurements  at  high  temperature  and  under 
pressure. 

The  Li/polymer  electrolyte  interface  behavior  was  ana¬ 
lyzed  using  two  lithium  electrodes  obtained  by  pressing 
lithium  foils  on  the  surface  of  the  SS  disks  (1  cm2).  The  Li/ 
P(DMS-co-EO)/Li  cell  was  stored  for  360  h  at  a  constant 
temperature  (23  °C)  and  the  impedance  spectra  were  mea¬ 
sured  at  various  time  intervals. 

The  electrochemical  stability  window  was  evaluated  by 
cyclic  voltammetry  at  a  scan  rate  of  10  mV  s'1  using  an 
Li/polymer  electrolyte/SS  cell,  where  the  same  lithium 
metal  was  used  as  the  counter  and  reference  electrodes. 
The  preparation  of  the  cell,  and  the  ionic  conductivity  and 
electrochemical  stability  window  measurements  were  done 
in  a  dry  box  with  an  argon  atmosphere. 

The  UV-VIS  measurements  of  P(DMS-co-EO)/LiC104 
films  with  different  salt  concentrations  were  done  using  an 
HP  8453  spectrophotometer.  The  background  signals  from 
the  ITO  glass  substrate  were  considered  as  0%  absorbance. 

3.  Results  and  discussion 

The  DSC  thermograms  of  the  polymer  electrolytes  are 
shown  in  Fig.  1.  The  material  showed  a  crystalline  phase 
with  an  endothermic  peak  at  —7.2  °C  that  was  probably 
related  to  the  melting  point  of  DMS  [18].  With  the  increase 
in  salt  concentration  this  endothermic  peak  disappeared.  The 
P(DMS-co-EO)  with  5  wt.%  LiC104  gave  no  thermal 
response  at  temperatures  above  the  Tg,  showing  a  amorphous 
material  characteristics.  The  crystallinity  of  P(DMS-co-EO) 
was  suppressed  through  increased  cross-linking  in  the 
chains.  The  decrease  in  the  melting  temperature  (Tm)  from 


Fig.  1 .  Differential  scanning  calorimetry  curves  for  P(DMS-co-EO)  samples 
at  different  salt  concentrations  (C):  (1)  C  —  0,  (2)  C  —  2.5,  (3)  C  —  5.0, 
(4)  C  =  10.0,  (5)  C  =  15.0  and  (6)  C  =  20.0  wt.%  LiC104. 
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Fig.  2.  Variation  in  the  77  as  a  function  of  salt  concentration. 
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Fig.  4.  Ionic  conductivity  as  a  function  of  salt  concentration  at  room 
temperature. 


—7.3  to  —1 1.2  °C  with  salt  addition  was  probably  related  to 
the  cross-linking  process  [19,20]. 

A  polymer  with  a  low  Tg  is  a  suitable  candidate  for  com¬ 
bination  with  salts  to  form  polymeric  electrolytes.  Below 
the  Tg,  physical  properties  such  as  viscosity,  diffusion  and 
conduction  become  less  sensitive  to  temperature,  whereas, 
above  the  Tg,  the  segmental  motion  of  the  polymeric  chain 
increases.  The  Tg  values  rose  with  increasing  values  of  the 
salt  concentration  (Fig.  2)  and  this  was  indicative  of  a 
decrease  in  the  segmental  motion  of  the  polymeric  chain. 

The  conductivity  was  determined  by  an  ac  impedance 
analysis.  Fig.  3  shows  the  impedance  plots  of  P(DMS-co- 
EO)/LiC104  with  20  wt.%  Li  CIO,  at  different  temperatures. 
At  low  temperatures,  a  semi-circle  was  observed  that  was 
related  to  the  impedance  of  the  polymer  electrolyte  (Z).  The 
bulk  resistance  was  obtained  from  the  impedance  spectra  at 
the  point  where  the  arc  intercepted  the  real  part  in  the  low 
frequency  region.  With  the  increase  in  temperature,  this 
semi-circle  tended  to  disappear  and  shifted  to  a  lower 
resistance  value,  thereby,  increasing  the  ionic  conductivity. 


Fig.  3.  An  ac  impedance  spectrum  of  the  SS/P(DMS-EO)/SS  system  at 
different  temperatures.  The  LiC104  salt  concentration  was  20  wt.% 


The  conductivity  value  was  calculated  using  the  equation: 
((cm) 

Z(Q)A(cm2)  ^  ^ 

where  f  is  the  thickness  of  the  polymer  electrolyte  (the  same 
thickness  as  the  Teflon  spacer,  0.05  mm),  Z  the  impedance 
of  the  electrolyte  estimated  from  the  Nyquist  plot  and  A 
the  stainless  steel  electrode  area  covered  by  the  polymer 
electrolyte  (1.0  cm2). 

The  low  frequency  region  of  the  impedance  spectrum 
contained  information  on  the  electrode/electrolyte  interface. 
The  deviation  of  the  vertical  line  may  be  indicative  of 
surface  adsorption  or  an  unexpected  electrochemical  reac¬ 
tion  at  the  interface  [21]. 

Fig.  4  shows  how  variations  in  the  salt  concentration 
variation  in  the  polymeric  matrix  influenced  the  ionic  con¬ 
ductivity  of  the  salt  polymer  complex  at  room  temperature. 
A  typical  ionic  conductivity  curve  was  observed,  with  a 
maximum  at  5  wt.%  LiCIOz,.  These  experiments  were  done 
at  room  temperature  and  the  maximum  ionic  conductivity 
value  was  2.6  x  10~4  S  cm-1.  This  maximum  reflected  the 
increase  in  the  concentration  of  charge  carriers  when  salt 
was  added  into  the  polymer.  The  decrease  of  ionic  con¬ 
ductivity  after  the  maximum  is  attributed  to  three  related 
phenomena: 

1.  An  increase  in  the  macromolecular  rigidity  of  the 
amorphous  phase  caused  by  the  presence  of  a  high  salt 
concentration,  which  acted  as  a  reticulate  agent  in  the 
polymeric  matrix.  The  increase  in  Tg  (Fig.  2)  for  salt 
concentrations  greater  than  5  wt.%  LiCIQ,  corresponded 
precisely  to  the  ratio  in  which  ionic  conductivity  started 
to  decrease. 

2.  The  non-linear  increase  in  charge  carrier  number  as  a 
function  of  salt  concentration,  which  favored  the 
appearance  of  ion  pairs. 

3.  The  appearance  of  a  crystalline  phase  composed  of  salt- 
polymer  complexes. 
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Fig.  5.  Arrhenius  plot:  variation  in  ionic  conductivity  as  a  function  of  the 
salt  concentration  and  temperature. 
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Fig.  7.  Cyclic  voltammogram  for  a  Li/P(DMS-co-EO)  +  5  wt.%  LiCICV 
SS  system.  Scan  rate  =  5  mV  s  1 . 


Fig.  5  shows  the  variation  in  the  ionic  conductivity  of 
salt-polymer  complexes  as  a  function  of  temperature 
(Arrhenius  plots).  According  to  the  free  volume  theory, 
the  ionic  transport  mechanism  in  the  polymer  electrolyte 
resulted  from  the  segmental  motions.  This  process  promoted 
ion  movement  through  the  formation  and  destruction  of 
the  coordination  sphere  of  the  solvated  ion,  thereby,  creat¬ 
ing  a  space  (free  volume)  into  which  the  ion  could  diffuse 
under  the  influence  of  the  electrical  field  [2],  The  ion  was 
transported  by  the  semi-random  motion  of  the  short  poly¬ 
mer  segments  and  at  temperatures  below  the  ideal  glass 
transition  temperature  (T0),  the  free  volume  was  assumed 
to  vanish.  The  motion  of  ions  and  polymer  segments  at 
temperatures  above  T0  was  facilitated  by  the  creation  of  a 
free  volume. 

The  Vogel-Tamman-Fulcher  (VTF)  Eq.  (2)  fitted  these 
curves  more  accurately: 


a  =  ctq  exp 


T  -  T0J 
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Fig.  6.  Pseudo-activation  energy  as  a  function  of  the  salt  concentration. 


where  aQ  is  related  to  the  effective  number  of  charge  carriers 
in  the  system  and  B  is  the  pseudo-activation  energy  neces¬ 
sary  for  the  redistribution  of  the  free  volume. 

The  pseudo-activation  energies  of  the  polymer  electrolyte 
(Fig.  6)  were  obtained  by  fitting  the  data  in  Fig.  5  using  the 
VTF  equation.  A  minimum  in  the  pseudo-activation  energy 
was  observed  at  5  wt.%  LiC104.  At  high  salt  concentrations, 
there  was  an  increase  in  the  pseudo-activation  energy.  This 
behavior  may  be  explained  by  considering  that  the  segmen¬ 
tal  motion  of  P(DMS-co-EO)  decreased  with  increasing 
salt  concentration  (Fig.  2),  and  that  high  energies  were 
needed  to  promote  such  segmental  motion.  These  values 
were  of  the  same  magnitude  as  those  reported  for  the  PEO 
system,  indicating  that  both  show  a  similar  ionic  conduction 
mechanism  [22]. 

A  knowledge  of  the  electrochemical  stability  window  is 
essential  for  the  successful  performance  of  any  device, 
especially  energy  storage  devices.  Armand  et  al.  [23]  did 


Fig.  8.  The  ac  impedance  spectrum  of  an  Fi/P(DMS-co-EO)  +  5  wt.% 
I.iClOyLi  system  as  a  function  of  time  at  room  temperature. 
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Fig.  9.  Absorbance  spectrum  of  an  ITO/P(DMS-co-EO)  system  at 
different  salt  concentrations  (C):  (1)  C  =  0,  (2)  C  —  2.5,  (3)  C  —  5.0, 
(4)  C  =  10.0,  (5)  C  =  15.0  and  (6)  C  =  20.0  wt.%  LiC104. 

the  first  studies  on  the  electrochemical  stability  window  of  a 
solid  polymeric  electrolyte.  Fig.  7  shows  the  cyclic  voltam¬ 
metry  for  the  SS/P(DMS-co-EO)  +  LiC104/Li  system  with 
5  wt.%  LiC104  at  room  temperature.  The  salt  that  was 
polymer  complex  showed  an  electrochemical  stability  win¬ 
dow  of  approximately  5  V,  limited  cathodically  by  pseudo- 
reversible  lithium  deposition.  The  pseudo-plateau  between  1 
and  0  V  was  attributed  to  salt  reduction.  The  anodic  limit 
has  been  related  to  anion  oxidation  followed  by  possible 
polymeric  degradation  [21,24]. 

Fig.  8  shows  the  Li/polymer  interface  behavior  at  different 
times  under  open  circuit  potential  conditions  at  room  tem¬ 
perature.  At  a  high  frequency,  the  first  interception  of  data,  at 
high  frequency  was  related  to  bulk  resistance.  With  increas¬ 
ing  time,  no  changes  were  observed  in  the  bulk  resistance 
values  at  any  of  the  salt  concentrations,  thus,  indicating 
the  stability  of  the  polymer  electrolyte  (inset  in  Fig.  8).  A 
semi-circle  in  the  medium  frequency  range  represented  the 
interfacial  charge-transfer  resistance  (R]ct).  This  semi-circle 
increased  quickly  during  the  first  10  days  and  thereafter 
stabilized.  This  increase  has  been  attributed  to  the  formation 
of  a  passive  film  caused  by  the  reactivity  of  the  electrode/ 
polymer  electrolyte  interface  [25,26]. 

Fig.  9  illustrates  the  UV-VIS  absorption  spectrum  for 
P(DMS-co-EO)/LiC104.  There  was  no  significant  absorption 
in  the  visible  region  at  any  of  the  salt  concentrations.  This 
observation  is  important  for  electrochromic  applications. 

4.  Conclusions 

P(DMS-co-EO)/LiC104  electrolyte  is  a  transparent  mate¬ 
rial  in  the  visible  region.  The  maximum  ionic  conductivity 
determined  was  2.6  x  1 0  4  S  cm-1  for  the  salt-polymer 
complex  with  5  wt.%  LiC104  at  room  temperature.  A  high 
conductivity  was  obtained,  even  at  low  temperatures 
(T  =  -30  °C,  <T5wt.%Ljcio4  =  3.0  x  10-5  S  cm-1).  The  wide 
electrochemical  stability  window  of  approximately  5  V, 


confirmed  that  P(DMS-co-EO)/LiC104  electrolyte  had  the 
most  of  the  electrochemical  properties  necessary  for  use  in 
electrochemical  devices. 
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